Quasistatic x-ray speckle metrology of microscopic magnetic return point memory 
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We have used coherent, resonant, x-ray magnetic speckle patterns to measure the statistical 
evolution of the microscopic magnetic domains in perpendicular magnetic films as a function of the 
applied magnetic field. Our work constitutes the first direct, ensemble-averaged study of microscopic 
magnetic return point memory, and demonstrates the profound impact of interfacial roughness on 
this phenomenon. At low fields, the microscopic magnetic domains forget their past history with an 
exponential field dependence. 
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The invention of the laser revolutionized visible op- 
tics. We are on the verge of a similar revolution in 
x-ray optics. Fully-coherent, quasicontinuous beams of 
x-rays are now available from the third-generation syn- 
chrotron sources, and extremely intense, fully-coherent, 
pulsed beams from fourth-generation synchrotron sources 
are on the horizon. One of the most exciting applications 
is to use these coherent beams to do the x-ray analog of 
laser light scattering to study the spacetime correlations 
in materials at the nanoscopic and atomic length scales. 
Such coherent x-ray studies have achieved time resolu- 
tions from microseconds to nanoseconds at a length scale 
of a few nanometers Another promising application is 
to use the fourth-generation sources to do holographic or 
speckle x-ray imaging to determine the complete struc- 
ture of the sample with atomic resolution using a sin- 
gle femtosecond duration beam pulse. Such "lenseless 
speckle reconstruction" has recently been demonstrated 
for x-ray charge scattering Q, and it is just beginning to 
be explored for x-ray magnetic scattering 0. 

In this letter, we describe a new form of reconstruction- 
less x-ray speckle metrolology using coherent, resonant, 
magnetic x-ray scattering. We show that the speckle pat- 
terns act as a fingerprint of the specific domain config- 
uration and allow the ensemble of microscopic magnetic 
domains to be monitored versus the applied field history. 
By comparing speckle patterns, we obtain a quantita- 
tive measure of the domain evolution during the rever- 
sal process and directly probe the microscopic mecha- 
nisms of hysteresis. Magnetic hysteresis is fundamental 
to all magnetic storage technology, and this technology 
is one cornerstone of the present information age. Yet, 
despite decades of intense study Q and significant recent 
advances[5J, we still do not have a fully satisfactory mi- 
croscopic understanding of magnetic hysteresis. 

In his 1905 dissertation at Gottingen, Madelung de- 
fined macroscopic return point memory (RPM) as fol- 
lows: Suppose a magnetic system on the major hys- 
teresis loop is subject to a change in the applied field 
that causes an excursion along a minor hysteresis loop 



inside the major loop; if the applied field is readjusted 
back to its original value and the sample returns to its 
initial magnetization, then macroscopic RPM is said to 
exist. Madelung's macroscopic characterization immedi- 
ately raises the question of how the ferromagnetic do- 
mains behave on a microscopic level. Do the domains 
remember (i.e., return precisely to) their initial states, 
or does just the ensemble average remember? In agree- 
ment with previous qualitative studies 0, we find that 
our samples have perfect macroscopic RPM, but that 
they have imperfect microscopic RPM. In addition, we 
quantitatively measure the fraction of the domains that 
remember versus the applied field history and show that 
the roughness has a profound impact on the microscopic 
RPM. 

In the past, microscopic RPM has primarily been stud- 
ied using Barkhausen noisey)- For some systems, there 
are extremely clear repetitions of the Barkhausen noise 
that indirectly indicate that there is microscopic RPM. 
However, other systems show only limited (or no) repe- 
tition. Barkhausen noise measurements indirectly probe 
the ensemble of the magnetic domains via the measured 
time structure of the spin- flip avalanches. In contrast, we 
use coherent x-ray magnetic scattering to directly probe 
the microscopic structure of the domains via the dynamic 
structure factor 5(Q, u>), which is the space-time Fourier 
transform of the two-point correlation function of the 
magnetization density (M(r, t)M(0, 0)) inside the coher- 
ently illuminated region. 

Our samples were grown on smooth, low-stress, 150- 
nm-thick SiN x membranes by magnetron sputtering at 
different argon gas pressures. The multilayer structure 
of our two samples is identical 

Pt (20 nm) [Co (0.4 nm)/Pt (0.7 nm)] 50 Pt (1.5 nm), 

but their interfacial roughness increases with increased 
sputtering pressure. The sputtering pressure modifies the 
energies of the deposited atoms and alters the growth 
kinetics. In general, low-pressure sputtering results in 
smooth layers while high-pressure growth leads to cumu- 
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FIG. 1: (color online) Kerr measurements of the major loops 
for the samples grown at different argon sputtering pressures. 



lative roughness that evolves into domed columns with 
well defined grain boundaries [8] . Our goal is to study the 
microscopic RPM versus the roughness. The two samples 
discussed here were grown at 3 and 12 mTorr with surface 
roughness, as determined by atomic force microscopy, of 
0.45 and 0.90 nm rms, respectively. The major hystere- 
sis loops measured with the applied field perpendicular 
to the film reflect the difference in the roughness and 
are shown in Fig. 1. The smooth, low-pressure sam- 
ple (3 mT) exhibited reversal by nucleation and domain 
wall motion and the shape of its major loop reflects the 
thin film geometry and the perpendicular anisotropyjtj. 
The rough, high-pressure sample (12 mT) exhibited much 
higher coercive fields as a direct consequence of the in- 
creased interfacial roughness. Kerr and SQUID measure- 
ments showed that both of our samples exhibited "per- 
fect" macroscopic RPM. 

Our experiments, performed at the Advanced Light 
Source at Lawrence Berkeley National Laboratory, use 
linearly polarized x-rays from the third harmonic of the 
beam line 9 undulator|l0j|. The photon energy is set 
to the cobalt L3 resonance at ~ 778 cV. To achieve 
transverse coherence, the raw undulator beam is passed 
through a 25-micron-diameter pinhole before being scat- 
tered in transmission by the sample. The resonant mag- 
netic scattering is collected by a soft x-ray CCD camera. 
The magnetic domains are manipulated by an electro- 
magnet, which applies fields perpendicular to the film. 
The intensity of the raw undulator beam is ~ 2 x 10 14 
photons/sec, that of the coherent beam is ~ 2 x 10 12 
photons/sec, and that of the scattered beam is ~ 2 x 10 7 
photons/sec. We collect data for 100 seconds at each 
magnetic field value, so our speckle patterns have a total 
of ~ 2 x 10 9 photons in ~ 10 6 ccd pixels. 

A typical magnetic speckle pattern for the 3 mT sam- 
ple at zero applied field is shown in Fig. 2. The domi- 
nant structure is a ring of diffuse scattering reminiscent of 
the scattering from a classical 2d liquid exhibiting short- 
range positional correlations. Note that this diffuse scat- 
tering is strongly speckled due to our use of transversely 
coherent x-rays. Since changes in the domain structure 



will produce changes in the speckle pattern, the degree 
of microscopic RPM can be precisely measured by cross 
correlating different speckle patterns. By converting the 
auto- and cross-correlation functions into a normalized 
correlation coefficient, we can obtain a precise measure 
of the degree of cross-correlation between the domains 
without performing an explicit "speckle reconstruction." 
Note that even if we did perform a speckle reconstruc- 
tion, or directly measured the magnetic domains using an 
imaging technique, we would still need to reduce the total 
amount of information down to a reasonable size to pro- 
duce a compact, convenient, ensemble- averaged measure 
of the microscopic RPM. To do so, we have chosen the 
simplest scalar measure of the changes in the speckle pat- 
tern, which is given by a correlation coefficient. As usual, 
x-ray diffraction and high-resolution imaging are comple- 
mentary probes; diffraction offers a very convenient way 
to obtain an ensemble average; imaging provides the best 
information about individual domains and defects. 

To quantify the correlation between two speckle pat- 
terns, we generalized the standard correlation coefficient 
for two random variables a and b, which is given by 



p(a,b) = Cov(a,6) x |Var(a)Var(6)} 



-1/2 



to the analogous expression in terms of the cross- 
correlation function (CCF) and the autocorrelation func- 
tions (ACF) of the speckle pattern intensities A(q x ,q y ) 
and B(q x ,q y ) 



p(A,B) = J2[CCF(A,B)-D] 



£ [ ACF(A) - E] £ [ ACF(B) - F] 
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In order to collect all of the speckle information, which 
is spread over several pixels because our speckles are 2-3 
pixels wide, we first sum over the pixels near the center 
of the auto- or cross-correlation function which contain 
the speckle information, and we then subtract the inco- 
herent background levels (i.e., D(q x ,q y ), E(q x ,q y ), and 
F(q x , q y )) from each one. Our generalized correlation co- 
efficient p is unity for identical speckle patterns, and is 
zero when the patterns are completely uncorrelated. In 
general, the value of p specifies the degree of correlation 
between the two speckle patterns which in turn are pro- 
portional to the Fourier coefficients of the magnetization 
density for the two magnetic domain configurations. A 
typical example of one of our experimental autocorrela- 
tion functions is shown in Fig. 2. 

The first question that we addressed was whether our 
samples exhibited microscopic RPM through magnetic 
saturation. To do so, we compared two speckle patterns 
collected at the same point on the major loop, but sepa- 
rated either by a minor loop that returned to saturation 
or by one or more full excursions around the major loop. 
For our smooth 3 mT sample, we found no correlation 
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FIG. 2: (color online) X-ray metrology for the 3 mT sample. 
Top: the measured speckle pattern at zero field. Bottom: the 
calculated autocorrelation function. The very sharp spike in 
the center is due to the speckles produced by the coherent 
scattering; the broad mountain under the coherent spike is 
due to the smooth average (incoherent) scattering. 

(p = 0) for speckle patterns separated by a return to satu- 
ration. For our rough 12 mT sample, we found that there 
was a repeatable correlation with p ~ 0.2 — 0.6 between 
the speckle patterns at a given magnetic field separated 
by one, or even by many, complete major loops. 

Since our smooth 3 mT sample did not have micro- 
scopic RPM through saturation, we measured the de- 
cay of its microscopic RPM as it approached magnetic 
saturation to determine how it forgets. Our results 
are shown in Fig. 3. We measured five speckle pat- 
terns which were prepared using the following magnetic 
field history protocol: (1) negative saturation, (2) field 
H x = H, (3) field H 2 = H, (4) field H 3 = and (5) 
field H4 = H. The negative saturation speckle pat- 
tern was used to determine the background scattering; 
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FIG. 3: (color online) The measured minor loop microscopic 
correlation coefficients for the 3 mT sample. The solid lines 
represent fits to exponential decays. The dashed lines are 
guides to the eye. 



p(H\, H2) was used to test for any slow time dependence 
of the speckle patterns at that field value; p(i?2, H3) was 
used to determine the irreversible component of the do- 
main magnetization — this is analogous to the standard 
macroscopic measurement of the remanance magnetiza- 
tion to separate the reversible and irreversible compo- 
nents of the macroscopic magnetization; p(H2,Hi) was 
used to determine the total (reversible plus irreversible) 
component of the domain magnetization. We calcu- 
lated the normalized reversible and irreversible fractional 
changes via F(rev) = [p(H 2 ,H 4 ) - p(Ha,Ha)]/p(Hi,H 2 ) 
andF(irrev) = [p(H l5 H 2 ) - p(H 2) H3)]/p(Hi, H 2 ). 

Figure 3 shows two different kinds of relaxation of the 
magnetic domains (1) a field-dependent, quasistatic re- 
laxation at low fields, and (2) a time-dependent, field- 
dependent relaxation at high fields. Below 2 kOe, 
/?(-/?!, H2) remains near unity and both p{H2 1 H 3 ) and 
p(H2,H4) show a field-dependent, quasistatic, exponen- 
tial decrease. This confirms the absence of instrumental 
drift in our measurements and shows that the magnetic 
domain structure is static during the several minutes re- 
quired to collect the data. Above 2 kOe, the monotonic 
decrease in p(Hi,H 2 ) reveals a time-dependent, field- 
dependent relaxation of the magnetic domains. Note that 
the reversible and irreversible fractional changes are es- 
sentially zero near zero field, and that both increase for 
higher field values. 

For our rough 12 mT sample, we measured the corre- 
lation coefficient for pairs of points at the same applied 
field value on the major loop which were separated by 
either one complete major loop or by eleven complete 
major loops. As shown in Fig. 4, this sample exhibits re- 
peatable major loop microscopic RPM with p ~ 0.2 — 0.6 
depending on the applied field value. This demonstrates 
that sufficient interfacial roughness produces partial ma- 
jor loop microscopic RPM. We find the highest p values 
near the nucleation point for reversal and a systematic 
decrease in p toward saturation. This suggests that the 
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FIG. 4: (color online) The measured major loop microscopic 
correlation coefficients for the 12 mT sample. The circles and 
squares (the triangles) represent the correlations between the 
first and the second (eleventh) loop. 



same nucleation points initiate the reversal, but that the 
domain structure becomes increasingly uncorrelated as 
the reversal progresses because different reversal path- 
ways are sampled by the system. 

Our results are the first detailed, ensemble-averaged 
measurements of the decay of the microscopic RPM in 
magnetic materials. For our smooth sample, satura- 
tion completely destroyed the microscopic RPM. For 
our rough sample, saturation only partially destroyed 
the microscopic RPM. The theoretical studies of mi- 
croscopic RPM have focussed on the behavior of zero- 



temperature random field Ising models (RFIM) which 
have perfect major and minor loop microscopic RPM[£j- 
It will be very interesting to see if the exponential de- 
cays of the microscopic RPM that we find in our exper- 
iments emerge in a natural way from either the finite- 
temperature RFIMs 5] or the theories for perpendicular 
magnetic systems 0. 

In addition to ferromagnets, there is a wide vari- 
ety of materials that exhibit hysteresis and memory ef- 
fects for which we do not yet have a satisfactory mi- 
croscopic understanding, for example ferroelectrics|l lj . 
spin glasses^, and shape memory materials [T^j. The 
coherent x-ray scattering cross-correlation method that 
we have developed can also be used to study the mi- 
croscopic memory in these systems. In addition to the 
quasistatic behavior that we have addressed here, coher- 
ent x-ray magnetic scattering can also be used to study 
the incoherent, thermally-driven dynamics of the micro- 
scopic domains 0. 
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